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Interface Modification of TiO2 Electron Transport Layer with PbCl2
for Perovskiote Solar Cells with Carbon Electrode
Abolfazl Amraeinia, Yuhua Zuo , Jun Zheng, Zhi Liu, Guangze Zhang, Liping Luo,
Buwen Cheng, Xiaoping Zou, and Chunbo Li
Abstract: Perovskite Solar Cells (PSCs) have attracted considerable attention because of their unique features and
high efficiency. However, the stability of perovskite solar cells remains to be improved. In this study, we modified the
TiO2 Electron Transport Layer (ETL) interface with PbCl2 . The efficiency of the perovskite solar cells with carbon
electrodes increased from 11.28% to 13.34%, and their stability obviously improved. The addition of PbCl2 had no
effect on the morphology, crystal structure, and absorption property of the perovskite absorber layer. However, it
affected the band energy level alignment of the solar cells and accelerated the electron extraction and transfer at
the interface between the perovskite layer and the ETL, thus enhancing the overall photovoltaic performance. The
interfacial modification of ETL with PbCl2 is a promising way for the potential commercialization of low-cost carbon
electrode-based perovskite solar cells.
Key words:

Perovskite Solar Cell (PSC); Electron Transport Layer (ETL); electron and hole recombination;
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Introduction

Lead halide perovskite materials have obtained
considerable attention in novel solar cells since 2009[1] ,
and Perovskite Solar Cells (PSCs) have quickly reached
the Power Conversion Efficiency (PCE) of 25.5%[2] in
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the past few years, making them a considerable candidate
for the market because of their low-cost and simple
fabrication.
In addition, perovskite materials[3] feature outstanding
photoelectric properties, such as strong light absorption,
long carrier lifetime, and low exciton binding energy[3–9] .
Considering these features and understanding the carrier
dynamics in solar cells are crucial to boost their
PCE. Optimization of the active layer and selection of
suitable materials as electrodes are also important in
improving the PCE. Interfacial engineering techniques,
such as coating a thin layer or surface modification
on the Electron Transport Layer (ETL)[10] or the Hole
Transport Layer (HTL)[11, 12] and employing retarded
back recombination[13] , can significantly enhance the
electrical and optical properties, stability, and scalability
of solar cells.
Many studies focused on the development of the
conventional (n-i-p) structure of PSCs. ETLs play an
important role in the efficient transfer and transport
of carriers, preventing the direct contact of the
perovskite layer and transparent conducting oxide
and influencing the perovskite crystal structure as a
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substrate. Among metal oxides, TiO2 can best serve
as the ETL in planar or mesoporous form. Many
experiments focused on improving its characteristics
through structural modification of the ETL (e.g.,
doping) and interfacial engineering (e.g., insertion of
other layers in the ETL or passivation). For example,
the physical properties of TiO2 have been modified
using different materials, such as Y3C [14] , Mg2C [15] ,
Nb5C [16] , Ru[17] , Ni[18] , Co[19] , Na[20] , Nd3C [21] , Sn[22] ,
and Zr[23] . Moreover, surface modification of TiO2 was
performed using different materials, such as SnO2 [24] ,
ZnO[25] , CsBr[26] , MgO[27] , phosphonic acid[28] ,
graphene[29, 30] , fullerene[31] , HOCO-R-NH3C I [32] ,
and Pb(OAc)2 3H2 O[33] .
Some studies have reported the role of chlorine.
For instance, Mosconi et al.[34] demonstrated through
theoretical calculation that the utilization of chlorine
between TiO2 and perovskite is a crucial factor for the
growth of perovskite in the desired orientation and the
formation of strong interfacial coupling. Then, Wang
et al.[35] showed that the crystal structure of perovskite
could be converted from tetragonal to cubic phase by
changing the thickness of TiO2 in the presence of
chlorine. Afterward, Tan et al.[10] prepared chlorinecapped TiO2 and found that chlorine-capped TiO2 can
enhance the efficiency and stability of PSCs. Liu et
al.[36] also found that chlorine can improve the stability
of perovskite LEDs.
In the present study, we performed passivation with
PbCl2 as an effective surface modification strategy
for TiO2 to improve the performance of PSCs. The
highest conversion efficiency of 13.34% was obtained by
optimization of layer thickness through optimization of
solution concentration and temperature. The proposed
strategy also obviously increased the stability of the solar
cells.

2
2.1

Experimental Detail
Materials

FTO glasses with a thickness of 2.2 mm and size of
1.51.5 cm2 were purchased from South China Science
and Technology Company Limited. The compact TiO2
(c-TiO2 ) and mesoporous TiO2 (mp-TiO2 ) dispersion
solution, ethanol, acetone, DMF, and DMSO were
purchased from Shanghai Mater Win New Materials
Corporation. PbI2 , MAI, and Spiro-OMeTAD were
purchased from Xi’an Polymer Optical Technology
Company (Xi’an, China). All substrates were used as
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received.
2.2

Precursor preparation

PbI2 (600 mg) was dissolved in 1 mL of DMF: DMSO
4:1 solvent at Room Temperature (RT) by using
ultrasonic vibration to prepare the precursor solution.
MAI (30 mg) was dissolved in 1 mL of isopropanol.
Different concentrations (15–200 mg/mL) of PbCl2 in
DMSO were prepared. The Spiro-OMeTAD precursor
solution was obtained using 90 mg of Spiro, 8 mg of LiTFSI, 10 L of TBP, 1 mL of chlorobenzene, and 45 L
of acetonitrile as previously described[37] .
2.3

Device fabrication

FTO substrates were first treated with acetone through
ultrasonic vibration for 30 min. Then, they were cleaned
with ethanol for 20 min. After purging with nitrogen,
the dried FTO substrates were handled with an O3 /UV
light cleaner for 25 min.
The modified ETL was fabricated using complex cTiO2 and mp-TiO2 layer followed by passivation of
PbCl2 . The c-TiO2 layer was spin-coated onto the FTO
substrate at 2000 rpm for 60 s and then annealed at
500 ı C for approximately 30 min. The mp-TiO2 layer
was deposited at 2000 rpm for 30 s and then annealed at
500 ı C for approximately 60 min. For ETL modification,
different concentrations of PbCl2 in DMSO were spincoated on the mp-TiO2 layer at 3000 rpm for 60 s and
then heated at 70 ı C for 10 min. Later, some samples
were held at RT (denoted as “RT samples” in this paper),
and others were annealed at 450 ı C or 500 ı C for 30 min
(denoted as “450 ı C samples” and “500 ı C samples”,
respectively). The samples without passivation of PbCl2
served as control.
The perovskite layer was prepared by a two-step
method. First, the PbI2 layer was obtained using PbI2
precursor spin-coated at 3000 rpm for 15 s and then
annealed at 90 ı C for 30 min in air. Second, the MAI
precursor was spin-coated at 3000 rpm for 30 s and then
annealed at 130 ı C for 30 min in air to form the MAPbI3
absorber layer.
The Spiro layer for hole transfer was acquired using
the Spiro-OMeTAD precursor solution spin-coated on
the perovskite layer at 3000 rpm for 30 s and then
exposed to air for 30 min to improve performance.
A thin layer of spongy carbon deposited on the FTO
substrate was pressed on the Spiro layer to prepare
electrodes for the solar cells.
The whole device structure is shown in Fig. 1, which
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Fig. 1 Schematic of the modified structure of solar cells of
FTO/c-TiO2 /mp-TiO2 /perovskite/Spiro/Carbon.

illustrates the schematic of the modified structure of solar
cells of FTO/c-TiO2 /mp-TiO2 /perovskite/Spiro/Carbon.
After deposition of the TiO2 layer, different
concentrations of PbCl2 were spin-coated on TiO2
and annealed at 450 ı C or 500 ı C. In this paper, three
temperatures of RT, 450 ı C, and 500 ı C were selected
because of the Curie temperature of PbTiO3 (490 ı C).
2.4

Characterization

The surface and cross-sectional morphologies of
the samples were observed using Scanning Electron
Microscopy (SEM) (FESEM, Zeiss SIGMA). X-Ray
Diffraction (XRD) was performed with Bruker D8 Focus
(Bruker Corporation, Germany) to acquire information
on crystal structures of the perovskite absorber layers.
The optical absorption properties of the samples were
analyzed using a Shimadzu UV3600PLUS UV-Vis-NIR
spectrophotometer (330–1100 nm). PhotoLuminescence
(PL) spectra and Time-Resolved PhotoLuminescence
(TRPL) decay spectra were obtained with Edinburgh
Instruments (EI) FLS920 to understand the electron
injection dynamics. The current-voltage properties were
studied using Keithley 2400 under AM 1.5G standard
1 sun spectrum (100 mW/cm2 ) by Newport Oriel Class
3A solar simulator with a scan rate of 0.05 V/s.

3
3.1
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Fig. 2 Efficiencies of perovskite solar cells in reverse
scanning mode for samples with different PbCl2
concentrations and annealed temperatures.

PSCs with the ETL annealed at 450 ı C and modified
with 60 mg/mL PbCl2 . However, the efficiencies of the
samples annealed at 500 ı C obviously decreased even
compared with the control. This result agrees with the
findings of a previous study[33] , which may be due to the
formation of PbTiO3 when the annealing temperature
was above the Curie temperature (490 ı C). The sample
(modified with 60 mg/mL PbCl2 and annealed at 450 ı C)
with the highest efficiency was denoted as TiO2 @PbCl2
and used for subsequent experiments.
Figure 3 shows the current density-voltage (J-V)
curves of the control device and TiO2 @PbCl2 , and the
inset in Fig. 3 also shows the performance parameters
of the best solar cells and the control one. The PCE
of the control device was 11.28%, with a Fill Factor
(FF) of 59%, a short circuit current density (JSC )

Results and Discussion
Device performance

As shown in Fig. 2, the efficiencies of the PSCs
with the ETL annealed at RT and modified with
PbCl2 concentrations ranging from 30 mg/mL to
150 mg/mL increased compared with that of the control.
Furthermore, the highest efficiency was observed in the

Fig. 3 Reverse scanning curves of current J-V of the control
and TiO2@PbCl2 devices.
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of 20.46 mA/cm2 , and an open-circuit voltage (Voc )
of 0.928 V. After doping TiO2 with PbCl2 , the PCE
increased to 13.34%, the FF enhanced to 60%, the
JSC improved to 23.32 mA/cm2 , and the Voc increased
to 0.955 V. The short circuit current density obviously
improved, indicating easy photo-induced carrier transfer
and collection.
3.2

SEM morphologies

Figure 4 depicts the SEM images of the top and
cross-sectional views of the control and TiO2 @PbCl2
samples. Comparison of Figs. 4a and 4c or Figs. 4b
and 4d revealed minimal differences between the
control and TiO2 @PbCl2 samples. The introduction
of PbCl2 exerted no effect on the morphology and
growth direction of the perovskite layers and the whole
structures of the solar cells. Our results contradict the
theoretical calculation of Mosconi et al.[34] , who reported
that adding chlorine between TiO2 and perovskite
can improve the growth of perovskite in the desired
orientation. The crystal size of the perovskite layer
was approximately 200 nm, and the shape was cubic.
From the crystal morphology view, the perovskite
layer in Fig. 4 is not ideal for achieving high
efficiency, which often means large crystal size and large
densification. However, the modified ETL increased

the solar cell efficiency, indicating possible effect on
interface passivation. Thus, the role of PbCl2 warrants
further investigation.
3.3

XRD measurements

Figure 5 shows the XRD patterns of the control
and TiO2 @PbCl2 samples. No difference was found
between the peaks of the two samples, except for
the small peak of PbI2 (12.7 ı ) in the TiO2 @PbCl2
sample. The 12.7 ı peak could contribute to the increase
in efficiency[38] . In fact, the PbI2 in the perovskite
boundaries can block the holes at the boundaries, thereby
enhancing the solar cell performance. The introduction
of PbCl2 possibly affected the appearance of PbI2 in the
perovskite boundaries. The 12.7 ı peak is very weak;
thus, its effect is still questionable. However, the XRD
patterns agree with the SEM results that the introduction
of PbCl2 exerted no effect on the form of MAPbI3
perovskite layer and its crystal structure.
3.4

Absorption performance

The absorption performance of the control and
TiO2 @PbCl2 samples is displayed in Fig. 6. No
obvious difference was found between the two samples,
indicating that both perovskite layers have similar
content and layer thickness. The optical bandgap of

(a) Top-view of the control sample

(b) Cross-sectional view of the control sample

(c) Top-view of the TiO2 @Pbcl2 sample

(d) Cross-section view of the TiO2 @PbCl2 sample

Fig. 4

SEM images of the control and TiO2 @PbCl2 samples.
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Fig. 5 XRD of perovskite for the control and TiO2@ PbCl2
samples.

with parameter. ˛ can be calculated using the equation
T =.1 R/ D e ˛d , where T is the transmittance, R is
the reflectance, and d is the perovskite film thickness,
which can be obtained from the cross-sectional SEM
image in Fig. 4. The plot of .˛hv/2 versus photon energy
of these samples is shown in Fig. 6b. Eg was evaluated
from the extrapolation of a linear part of the curve that
intersects the energy axis (˛hv D 0). The control and
TiO2 @PbCl2 samples showed a similar optical bandgap
of around 1.59 eV at a cut-off wavelength of 779 nm. In
fact, it is consistent with the PL peak in the following
part. As a result, the introduction of PbCl2 did not affect
the optical bandgap and absorption performance of the
perovskite layer.
On the basis of the above SEM morphology, XRD
crystal structure, and optical absorption, the introduction
of PbCl2 exerted no effect on the perovskite layer. Thus,
further experiments are necessary to investigate the
interface effect on the TiO2 layer.
3.5

Fig. 6 (a) UV-vis absorption spectra of the control and
˛ hv)2 versus photon
TiO2@ PbCl2 samples; (b) Plot of (˛
energy of the control and TiO2@ PbCl2 samples.

the perovskite layer can be calculated using the Tauc
equation, given as (˛hv/2 D C.hv Eg ), where h is
Plank’s constant, v is the frequency of the radiation,
˛ is the absorption coefficient, and C is the edge

745

Ultraviolet Photoelectron Spectroscopy (UPS)
and energy band graph

UPS was performed to analyze the band energy level
alignment of the ETLs. As shown in Fig. 7, the secondary
electron cut-off (Ecut-off ) and valance onset (Ei ) could
be extrapolated from the linear part interception to the
x-axis. EVB could be calculated by the equation EVB =
21.22 (Ecut-off Ei ). The calculated VB energy of pure
TiO2 was 7.74 eV, whereas that of TiO2 @PbCl2 was
6.75 eV. Considering the optical bandgap of pure TiO2
of 3.22 eV and TiO2 @PbCl2 of 3.23 eV, the CB energy
of pure TiO2 was 4.52 eV, whereas that of TiO2 @PbCl2
was 3.52 eV. In this way, the band energy level alignment
relative to the vacuum energy level is shown in Fig. 8.
The higher CB of TiO2 @PbCl2 relative to TiO2 in Fig. 9
may block the nonradiative recombination between
the separated electrons and holes. The function of the
TiO2 @PbCl2 layer seems similar to the PbTiO3 layer in
Ref. [33]. Another possible benefit of such structure may
be due to the weak PN junction between the modified
TiO2 layer and the perovskite layer, which is beneficial
for improving the short current density.
3.6

Photoluminescence spectra
photoluminescence spectra

and

transient

PL spectra were obtained to study the electron injection
dynamics at the interface between the ETL and the
perovskite layer. As shown in Fig. 10, the PL peak
intensity of perovskite on the TiO2 @PbCl2 layer was

Tsinghua Science and Technology, August 2022, 27(4): 741–750
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Fig. 7

UPS of the control TiO2 and TiO2@ PbCl2 samples.

Fig. 8 Energy band structure of various layers in the
perovskite solar cells with control TiO2 layers.

Fig. 9 Energy band structure of various layers in the
perovskite solar cells with TiO2@ PbCl2 layers.

much weaker than the counterpart on the pure TiO2 layer.
This result indicates that efficient electron extraction
occurred from perovskite to the TiO2 @PbCl2 .
TRPL decay kinetics further confirmed this
phenomenon. The TRPL curves in Fig. 11 can be fitted
by a biexponential function[20] , and the fitted parameters

Fig. 10 PL of the perovskite layer of the control and
TiO2@ PbCl2 samples.

Fig. 11 TR-PL of the perovskite layer of the control and
TiO2@ PbCl2 samples.

are summarized in Table 1. For the sample of perovskite
on pure TiO2 layer, the fast decay lifetime (1 ) is
12.07 ns and the slow decay lifetime (2 ) is 29.7 ns, with
their weight fractions (Ratio1 and Ratio2 ) of 70.6% and
29.3%, respectively. For the sample of perovskite on the
TiO2@PbCl2 layer, 1 decreases to around 10 ns and the
weight fraction is more than 84%. The average decay
lifetime (ave ) of perovskite on pure TiO2 layer was
17.25 ns, whereas that of perovskite on the TiO2@PbCl2
layer was much shorter with the value of 12.7 ns. The
shorter PL decay lifetime shows that adding PbCl2
at the ETL can accelerate the electron extraction and
transfer at the interface between the perovskite absorber
and the ETL, thus improving the overall photovoltaic
performance of the solar cells. In fact, the doped layer
acts as a barrier for electron and holes in the TiO2 and
perovskite layer and increases the transport of electrons
from the perovskite absorber layer to the ETL. This

Abolfazl Amraeinia et al.: Interface Modification of TiO2 Electron Transport Layer with PbCl2 for Perovskiote : : :
Table 1 TR-PL parameter of perovskite layer of the control and TiO2@ PbCl2 samples.
Sample
1 (ns)
Ratio1 (%)
2 (ns)
Ratio2 (%)
FTO / TiO2 / Perovskite
12.07
70.6
29.70
29.3
FTO / TiO2 @PbCl2 -450ı C / Perovskite
10.04
84.2
27.45
15.7

phenomenon explains why the short current density
increased obviously.
3.7

Stability of the perovskite solar cells

Stability is another important factor influencing the
performance of PSCs. PSCs with carbon electrode have
better stabilities than other electrodes owing to the
stability of carbon electrode. The PCE of control devices
decreased by 3.5% after two weeks and decreased
gradually. However, as shown in Fig. 12, the sample with
TiO2 @PbCl2 had improved stability during two weeks
without any capsulation, decaying only by 1%, whereas
the control sample decayed after only a week. The
PCE of the TiO2 @PbCl2 sample only decayed during
the first week and became stable during the observed
1–2 weeks. It is expected to be stable for a longer time
than two weeks, which is shown in other interfacemodified papers, such as Ref. [12]. The possible reason
is the passivation of PbCl2 to TiO2 ETL, which can
improve the stability at the interface between the ETL
and the perovskite layer with higher quality. After the
first decayed week, defects such as shallow traps that
result in PCE decay gradually saturated. The device
became more stable after this phenomenon. A similar
function of chlorine for stability has been found in our
previous work on perovskite LEDs[36] .

4

Conclusion

This study comprehensively analyzed the effect of
introducing PbCl2 to the ETL on the performance of

ave (ns)
17.25
12.7

PSCs. The addition of PbCl2 on the TiO2 layer exerted
no effect on the morphology, crystal structure, and
absorption property of the perovskite absorber layer.
However, it affected the band energy levels alignment of
the solar cells with a higher VB offset of the modified
TiO2 layer and accelerated the electron extraction and
transfer at the interface between the perovskite layer
and the ETL, thus enhancing the overall photovoltaic
performance. The PCE of the best solar cells increased
to 13.34%, the FF enhanced to 0.6, the JSC improved
by 14% to 23.32 mA/cm2 , and the Voc increased by
2.9% to 0.955 V. Furthermore, the stability of the best
solar cells enhanced in air without any capsulation for
two weeks. The interfacial modification of the ETL
with PbCl2 shows a promising way for the potential
commercialization of low-cost carbon electrode-based
PSCs.
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